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SUMMARY 

Considerable i n t e r e s t  has recent ly  been shown i n  means o f  ob ta in ing  
s a t i s f a c t o r y  s t a b i l i t y  of  t h e  Dutch roll o s c i l l a t i o n  f o r  modern high- 
performance a i rp l anes  without r e s o r t  t o  complicated a r t i f i c i a l  s t a b i l i z i n g  
devices .  One approach t o  t h i s  problem i s  t o  l a y  out  t h e  a i rp l ane  i n  t h e  
ear l ies t  s tages  of  design s o  t h a t  it w i l l  have t h e  g r e a t e s t  p r a c t i c a b l e  
inherent  s t a b i l i t y  of t h e  lateral  o s c i l l a t i o n .  The present  paper 
p re sen t s  some pre l iminary  r e s u l t s  o f  a t h e o r e t i c a l  ana lys i s  t o  determine 
t h e  design f ea tu res  t h a t  appear most promising i n  providing adequate 
inherent  s t a b i l i t y .  These preliminary r e s u l t s  cover t h e  case of f i g h t e r  
a i rp l anes  a t  subsonic speeds. 

The i nves t iga t ion  ind ica ted  t h a t  it is  poss ib l e  t o  design f i g h t e r  
a i r p l a n e s  t o  have s u b s t a n t i a l l y  b e t t e r  inherent  s t a b i l i t y  than  most 
cu r ren t  designs.  Since t h e  use o f  low-aspect-ratio sweptback wings i s  
l a r g e l y  respons ib le  f o r  poor Dutch r o l l  s t a b i l i t y ,  it i s  important t o  
design t h e  a i rp l ane  wi th  t h e  maximum aspect  r a t i o  and minimum sweep 
t h a t  w i l l  permit a t ta inment  of t h e  desired performance. The rad ius  o f  
gyrat,ion i n  r o l l  should be kept a s  low as poss ib l e  and t h e  nose-up 
i n c l i n a t i o n  o f  t h e  p r i n c i p a l  longi tudina l  a x i s  of i n e r t i a  should be 
made as g rea t  as p rac t i cab le .  

INTRODUCTION 

The problem of obta in ing  s a t i s f a c t o r y  s t a b i l i t y  of t h e  Dutch roll 
o s c i l l a t i o n  i s  e s p e c i a l l y  d i f f i c u l t  f o r  j e t -p rope l l ed  swept-wing 
a i rp l anes  designed f o r  operat ion a t  high speeds and a l t i t u d e s .  The 
present  t rend  i s  toward t h e  use  o f  a r t i f i c i a l  s t a b i l i z i n g  devices t o  
provide s a t i s f a c t o r y  s t a b i l i t y  s ince it i s  u s u a l l y  not  poss ib l e  t o  
modify an e x i s t i n g  a i rp l ane  t o  provide s a t i s f a c t o r y  inherent  s t a b i l i t y .  
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One of t h e  fundamental reasons f o r  t h e  poor inherent  s t a b i l i t y  seems 
t o  be tha t  very l i t t l e  considerat ion i s  given t o  dynamic s t a b i l i t y  i n  
t h e  early s tages  of design. That i s ,  t h e  bas i c  design of t h e  a i rp l ane  
i s  determined from o the r  considerat ions and attempts are made la ter  t o  
improve t h e  dynamic s t a b i l i t y  by t h e  minor changes i n  configurat ion 
which are then permissible  i n  t h e  design. 
continued, a l l  a i rp l anes  of t h i s  type w i l l  probably r equ i r e  a r t i f i c i a l  
s t a b i l i z i n g  devices .  The armed serv ices  and some a i rp l ane  manufacturers 
are becoming increas ingly  concerned over t h e  necess i ty  f o r  us ing  these  
devices which increase  t h e  weight, complexity, and cos t  of  t h e  a i rp l anes .  
The f a c t  t h a t  t h e  use of these  devices increases  t h e  maintenance problem 
has been of p a r t i c u l a r  concern t o  t h e  se rv ices .  

If such a procedure i s  

This concern has led  t o  an increas ing  i n t e r e s t  i n  means of 
obtaining s a t i s f a c t o r y  s t a b i l i t y  without r e s o r t  t o  complicated a r t i f i c i a l  
s t a b i l i z i n g  devices.  Various methods f o r  accomplishing t h i s  a i m  have 
been proposed, t h e  most fundamental and perhaps t h e  most promising of 
which i s  t o  a l t e r  present  design procedures t o  t h e  ex ten t  o f  giving 
much more considerat ion i n  t h e  e a r l y  s tages  o f  design t o  f ea tu res  which 
w i l l  lead t o  be t te r  dynamic s t a b i l i t y .  A s tudy  i s  being made by t h e  
National Advisory Committee f o r  Aeronautics t o  determine t h e  design 
f ea tu res  which appear most promising i n  t h i s  respec t .  Some prel iminary 
r e s u l t s  of t h i s  i nves t iga t ion  are included i n  t h e  present  paper which 
covers t h e  case o f  f i g h t e r  a i rp lanes  a t  subsonic speeds. The per iod  
and damping a r e  t h e  only  c h a r a c t e r i s t i c s  of t h e  Dutch r o l l  o s c i l l a t i o n  
considered i n  d e t a i l  i n  t h e  present  paper. 

A s  a prel iminary t o  t h e  inves t iga t ion  of means o f  providing 
inherent  s t a b i l i t y ,  a s tudy  of  t h e  b a s i c  causes of  t h e  poor s t a b i l i t y  
of modern high-performance f i g h t e r  a i rp l anes  w a s  made. This s tudy  
included considerat ion of t h e  e f f e c t s  o f  increas ing  r e l a t i v e  d e n s i t y  
and use o f  sweepback and low aspect  r a t i o .  Since t h e  e f f e c t s  o f  sweep 
and aspect r a t i o  have not  been f u l l y  understood because no systematic  
inves t iga t ion  o f  t h e i r  e f f e c t s  had been made, t h e  e f f e c t s  o f  t hese  
f a c t o r s  were analyzed i n  considerable d e t a i l .  The results of t h i s  
ana lys i s  a r e  a l s o  included i n  t h i s  paper. 

A l l  forces and moments are r e fe r r ed  t o  t h e  s t a b i l i t y  system of 
axes which i s  defined i n  f igu re  1. 

W weight of a i rp lane ,  lb 

m mass of  a i rp lane ,  s lugs  

. 
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wing area, sq f t  

wing span, f t  

t a i l  length  ( l o n g i t u d i n a l  d i s tance  from cen te r  of p re s su re  of 
t h e  v e r t i c a l  t a i l  t o  t h e  center  of  g r a v i t y ) ,  f t  

t a i l  height  ( v e r t i c a l  d i s tance  from cen te r  of p re s su re  of t h e  
v e r t i c a l  t a i l  t o  t h e  center  of g r a v i t y ) ,  f t  

aspec t  r a t i o  

sweepback o f  wing-quarter-chord l i n e ,  deg 

t a p e r  r a t i o  

geometric d ihed ra l  angle,  deg 

t r u e  a i r speed ,  f t / s e c  

equivalent  la t  e r a 1  veloci ty ,  f t  / s  ec 

Mach number 

p re s su re  a l t i t u d e ,  f t  

rad ius  of gyra t ion  about p r i n c i p a l  l ong i tud ina l  a x i s  of 
i n e r t i a ,  f t  kXO 

k rad ius  of gyra t ion  about p r i n c i p a l  normal a x i s  of i n e r t i a ,  f t  
ZO 

Kxo = kXJb 

radius-of-gyrat ion f a c t o r  about X-axis,\/Kxo2cos 2 7 + Kzo 2 2  s i n  'I 
KX 

radius-of-gyrat ion f a c t o r  about Z-axis, \IKzO2cos2~ + K x  2sin2v 
KZ 0 

Kxz product -of - iner t ia  f a c t o r ,  ( ~ ~ ~ 2  - ~ ~ ~ 2 )  s i n  7 cos 7 

P r e l a t i v e - d e n s i t y  f a c t o r ,  m/pSb 
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angle o f  a t t a c k  o f  p r i n c i p a l  l ong i tud ina l  a x i s  of i n e r t i a ,  deg 

angle  between p r i n c i p a l  l ong i tud ina l  axis of i n e r t i a  and 
long i tud ina l  body a x i s ,  deg 

angle o f  a t t a c k  o f  l ong i tud ina l  body a x i s ,  deg 

angle o f  bank, radians 

angle  o f  yaw, radians 

angle  o f  s i d e s l i p ,  radians 

wing incidence, deg 

air dens i ty ,  slugs/cu f t  

r o  1 l i n g  veloc it y , radians / s  ec  

yawing ve loc i ty ,  radians /se c 

dynamic pressure,  lb/sq f t  

period o f  lateral  o s c i l l a t i o n ,  s ec  

time t o  damp t o  one-half amplitude, s ec  

l a t e ra l  fo rce ,  l b  

r o l l i n g  moment, f t - l b  

yawing moment, f t  -1b 

l i f t  c o e f f i c i e n t ,  Lif t /qS 

l a t e r a l - f o r c e  c o e f f i c i e n t  , Y/qS 

rolling-moment c o e f f i c i e n t  , L/qSb 

yawing-moment c o e f f i c i e n t ,  N/qSb 

Y 

e 

. 
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METHOD OF ANALYSIS 

The period and t i m e  t o  damp t o  one-half amplitude of t h e  l a t e r a l  
o s c i l l a t i o n  were t h e  only c h a r a c t e r i s t i c s  o f  t h e  l a t e r a l  motion t h a t  
w e r e  considered i n  t h e  present  analysis .  These q u a n t i t i e s  were 
ca l cu la t ed  by t h e  method presented i n  re ference  1. The per iod and 
damping requirements from t h e  A i r  Force and Navy f ly ing -qua l i t i e s  
s p e c i f i c a t i o n s  of references 2 and 3 were used as a basis f o r  eva lua t ing  
t h e  r e s u l t s .  
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Basic Configurations Studied 

In t h e  s tudy  of t h e  f'undamental causes of t h e  poor s t a b i l i t y  of 
modern high-performance a i rp l anes ,  f i v e  bas i c  configurat ions were 
Considered: 

I Configuration 

1 

2 

Sweepback, deg 

0 

30 

45 

60 

0 

Aspect r a t i o  

6.0 

4.5 

3 .o 

1.5 

3 .o 

These configurat ions are i l l u s t r a t e d  by sketches i n  f i g u r e  2 and d e t a i l s  
of t h e  dimensional and mass c h a r a c t e r i s t i c s  are given i n  t a b l e  I. Con- 
f igura t ions  2 t o  4 were obtained by sweeping back t h e  wings of configu- 
r a t i o n  1 with appropriate  modifications t o  t h e  t i p s .  I n  sweeping t h e  
wings, t h e  quarter-chord poin t  of t h e  mean aerodynamic chord w a s  kept  
i n  t h e  same longi tudina l  pos i t i on  r e l a t i v e  t o  t h e  body. 
configurat ions cre p a r t  of a systematic family,  t h e y  are i n  general  
t y p i c a l  o f  present and proposed designs.  Configuration 5 w a s  chosen 
because it represents  another  t r end  i n  t h e  design of  high-speed a i rp l anes  
and because it provides i n t e r e s t i n g  comparisons wi th  two of t h e  o t h e r  
configurat ions.  Comparison of  configurat ions 1 and 5 shows t h e  e f f e c t  
o f  aspect  r a t i o  a t  Oo sweep and comparison of conf igura t ions  3 and 5 
shows t h e  e f f e c t  of sweep at aspect  r a t i o  3 .  The s i z e  of t h e  a i rp l anes  
w a s  chosen so t h a t  t h e  span of  t h e  moderately swept wings w a s  representa-  
t i v e  of t h a t  o f  current  f i g h t e r  a i rp lanes  wi th  swept wings. 

Although t h e s e  

All t h e  configurat ions were assumed t o  have t h e  same fuselage 

The s i z e  and shape of t h e  fuse lage  were se l ec t ed  as 
except f o r  minor modifications necessary t o  accommodate t h e  d i f f e r e n t  
t a i l  designs.  
being representa t ive  of many cur ren t  designs.  

The v e r t i c a l  ta i ls  f o r  t h e  var ious conf igura t ions  had t h e  same 
value of  C y  . A t  Oo angle  of  a t t ack ,  t h e  cen te r  o f  pressure  of 

t h e  t a i l  f o r  a l l  configurat ions w a s  t h e  same d i s t ance  behind and above 
t h e  cen te r  of g rav i ty ,  which was  located at  t h e  quarter-chord poin t  of 
t h e  mean aerodynamic chord. 

fitail 
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Condition h, f t  M CL 

( a )  0 0.75 0.06 

( b )  0 27 .46 . 

(4  0 .204 .80 

( d )  50,000 .75 .46 

l o  
All t h e  configurat ions were assumed t o  have a wing loading of 

50 pounds per  square foo t .  
w a s  assumed t o  be inc l ined  2' nose down r e l a t i v e  t o  t h e  long i tud ina l  
fuse lage  axis. 
those of cur ren t  fighter airplanes. .  

The p r inc ipa l  l ong i tud ina l  axis of  i n e r t i a  

These values w e r e  se lec ted  as being r ep resen ta t ive  of 

The approximate magnitudes o f  t h e  r a d i i  of gyra t ion  f o r  var ious 
sweep angles w e r e  f irst  determined by averaging t h e  values  f o r  a number 
o f  cur ren t  designs.  A systematic va r i a t ion  o f  the r a d i i  of gyra t ion  
wi th  sweep t h a t  w a s  i n  general  agreement wi th  these  a c t u a l  values w a s  
then  set up. This systematic va r i a t ion  which i s  shown i n  figure 3 was 
based on t h e  assumption t h a t  t h e  weight d i s t r i b u t i o n  along t h e  wing 
panels remained constant  as t h e  sweep of t h e  panels w a s  var ied.  The 
assumed weight d i s t r i b u t i o n  of  t h e  panels w a s  determined from t h e  
average weight d i s t r i b u t i o n  of  s eve ra l  cur ren t  swept-wing f i g h t e r  a i r -  
planes f o r  which d e t a i l e d  weight data were ava i lab le .  

F l igh t  Conditions 

The ca lcu la t ions  f o r  both t h e  bas i c  and modified configurat ions 
w e r e  made f o r  fou r  condi t ions:  

Conditions ( a )  and ( d )  were chosen t o  show t h e  s t a b i l i t y  at a high 
subsonic speed a t  sea l e v e l  and at an a l t i tude of 50,000 feet and t o  
show t h e  e f f e c t  o f  a l t i t u d e  at a constant Mach number. A Mach number 
o f  0.75 was  chosen f o r  t hese  conditions s ince  t h a t  w a s  considered about 
t h e  highest  value a t  which subsonic s t a b i l i t y  de r iva t ives  could be 
expected t o  apply f o r  a l l  configurat ions without compress ib i l i ty  
cor rec t ions .  
condi t ion ( d )  t o  show t h e  e f f e c t  of a l t i t u d e  a t  constant  lift c o e f f i c i e n t  
where t h e  s t a b i l i t y  der iva t ives  would be t h e  same. 
chosen t o  show t h e  s t a b i l i t y  a t  moderately high l i f t  coe f f i c i en t s  w i th  
f l a p s  r e t r a c t e d .  
w a s  assumed t o  represent  t h e  highest  l i f t  c o e f f i c i e n t  a t  which t h e  
t h e o r e t i c a l  va r i a t ions  of t h e  d i f f e r e n t  s t a b i l i t y  de r iva t ives  wi th  l i f t  

Condition ( b )  was chosen f o r  d i r e c t  comparison with 

Condition ( c )  w a s  

The l i f t  coe f f i c i en t  of 0.80 used f o r  condition ( c )  



coef f ic ien t  were s t i l l  va l id .  Above t h i s  lift coe f f i c i en t ,  flow 
changes over t h e  wing, fuse lage ,  and t a i l  sur faces  o f t e n  cause t h e  
s t a b i l i t y  de r iva t ives  t o  be g r e a t l y  d i f f e r e n t  from t h e i r  t h e o r e t i c a l  
values.  For a i rp lanes  with t h i n ,  h ighly  swept wings o r  with roughness 
on t h e  wings, t hese  flow changes might a c t u a l l y  occur a t  l i f t  c o e f f i c i e n t s  
below 0.80, but  f o r  t h e  purpose of  t h i s  general ized s tudy  it w a s  assumed 
that t h e  s t a b i l i t y  de r iva t ives  of a l l  configurat ions would follow 
t h e o r e t i c a l  t rends  up t o  t h i s  l i f t  coe f f i c i en t .  Comparison of con- 
d i t i o n s  ( a )  t o  ( c )  shows t h e  e f f e c t  of l i f t  c o e f f i c i e n t  a t  constant  
a l t i t u d e  . 

A l l  the  ca lcu la t ions  were made f o r  t h e  condi t ion of l e v e l  f l i g h t  
at  1 g normal acce lera t ion .  

Estimation of  Derivatives 

The estimation of t h e  s tab i l i ty  de r iva t ives  used i n  t h e  ca l cu la t ions  
was based on t h e  methods presented i n  re ference  1. 
v a r i a t i o n  o f  t h e  de r iva t ives  wi th  sweepback and aspect  r a t i o  are shown i n  
f igures  4 t o  6 f o r  t h e  complete a i rp l anes  and f o r  t h e  v e r t i c a l - t a i l - o f f  
condition. The de r iva t ives  f o r  t h e  complete bas i c  conf igura t ions  are 
a l s o  l i s t e d  i n  t a b l e  11. I n  some cases,  p a r t i c u l a r l y  f o r  t h e  wing- 
f'uselage combinations, t h e  est imat ions were based on experimental  data 
and requi re  some explanation. 

P l o t s  showing t h e  

S ides l ip  der iva t ives  .- The value of  Cy f o r  t h e  v e r t i c a l - t a i l - o f f  
P 

condition was assumed t o  be constant  a t  a value of -0.229 per  rad ian  
(CyP = -0.004 per  degree f o r  a l l  configurat ions and f l i g h t  condi t ions 

on t h e  bas i s  of experimental  data f o r  a number of designs.  These data 
showed no consis tent  t rend  f o r  t h e  v a r i a t i o n  of t h i s  f a c t o r  wi th  sweep- 
back o r  l i f t  coe f f i c i en t .  

) 

A s  pointed out  previously,  t h e  v e r t i c a l  t a i l s  
f o r  a l l  t h e  configurat ions w e r e  designed t o  g ive  t h e  same value of 

CYP 
w i th  angle of Since the re  w a s  assumed t o  be no v a r i a t i o n  of 

a t t a c k ,  t h e  value of C f o r  t h e  complete a i r p l a n e  w a s  t h e  same 

f o r  a l l  configurat ions and f l i g h t  condi t ions.  

Cy 
h a i l  

yP 

Since the  configurat ions were l a i d  ou t  as midwing designs,  t h e  
value of C l  w a s  assumed t o  be simply t h e  value of C 1  

This value and the  value of 

and formulas presented i n  re ference  1. 

' ta i l  of f  'wing 
were determined from t h e  cha r t s  C 1  

' t a i l  

. 
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On t h e  bas i s  of experimental d a t a  the value of t h e  f a c t o r  bCnP 

f o r  t h e  v e r t i c a l - t a i l - o f f  condition was assumed t o  be constant  f o r  a l l  
configurat ions and f l i g h t  condi t ions.  The magnitude of Cn 

t he re fo re  var ied  inve r se ly  w i t h  wing span .  The value of Cn w a s  

ca lcu la ted  from t h e  value of 

i n  reference 1. 

P t a i l  off 

P t a i l  
Cy by means of  t h e  formula given 

P t a i l  

Rol l ing de r iva t ives . -  The r o l l i n g  de r iva t ives  CY , C 2  , and Cn 
P P P 

were determined by t h e  methods described i n  re ference  1 except t h a t  
c2 was  assumed t o  be constant over t h e  l i f t - c o e f f i c i e n t  range a t  

t h e  value given by reference 1 f o r  t he  z e r o - l i f t  condition. 
'wing 

Yawing de r iva t ives .  - The value of Cy w a s  assumed t o  be 

zero for a l l  configurat ions and conditions s ince  experimental d a t a  f o r  
many wings and wing-fuselage combinations had shown no cons is ten t  
v a r i a t i o n  of C wi th  configurat ion o r  l i f t  c o e f f i c i e n t .  The value 

of  c y  w a s  ca lcu la ted  from t h e  formula presented i n  re ference  1. r 

The values  of 

constant  value of t h e  f a c t o r  

assumed f o r  a l l  configurat ions and f l i g h t  condi t ions on t h e  bas i s  o f  
experimental  da t a  on a number of configurat ions s o  t h a t  t h e  magnitude 
of cn 

These experimental  da t a  d id  not show cons i s t en t  t r ends  i n  t h e  v a r i a t i o n  
wi th  configurat ion o r  l i f t  coef f ic ien t  and, s ince  t h e  value of  
b Cn, 

plane,  t h e  assumption of a constant  value of  

The value of  Cn w a s  calculated from t h e  equation given i n  

re ference  1. 

t a i l  o f f  r 

'r 

t a i l  
w e r e  determined by t h e  method of re ference  1. A 

2 
b Cnr for t h e  t a i l - o f f  condi t ion w a s  

var ied inve r se ly  with t h e  square of  t h e  wing span. 
t a i l  o f f  r 

is  small compared w i t h  t h e  value f o r  t h e  complete a i r -  2 

t a i l  o f f  
b2Cn seemed reasonable.  

r 

t a i l  r 

LIMITATIONS OF ANALYSIS 

. This paper presents  some preliminary r e s u l t s  of a s tudy  of t h e  
p o s s i b i l i t y  of  designing a i rp lanes  t o  have s a t i s f a c t o r y  inherent  dynamic 
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l a t e r a l  s t a b i l i t y .  A s  pointed out previously,  t hese  prel iminary 
r e s u l t s  cover o n l y t h e  case of f i g h t e r  a i rp lanes  a t  subsonic speeds 
and cover only  t h e  period and damping of  t h e  l a t e r a l  o s c i l l a t i o n .  The 
ca lcu la ted  per iod and damping of t h e  o s c i l l a t i o n  f o r  t h e  bas i c  and 
modified configurat ions are compared with t h e  A i r  Force and Navy per iod 
and damping requirements. The authors  r e a l i z e  t h a t  t hese  requirements 
are not adequate i n  some cases and t h a t  o the r  f a c t o r s ,  such as t h e  r a t i o  
of roll t o  yaw, should be considered i n  a comprehensive ana lys i s .  
Although t h e s e  add i t iona l  f a c t o r s  are not considered i n  d e t a i l  i n  t h i s  
preliminary ana lys i s  they  a r e  discussed b r i e f l y  wi th  regard t o  t h e  
e f f ec t s  of  some of t h e  mass and aerodynamic parameters. 

I 

A few comments a r e  required on t h e  a p p l i c a b i l i t y  of t h e  ca l cu la t ed  
d a t a  presented i n  t h i s  paper t o  a c t u a l  a i rp l anes  of similar configurat ion 
before  these  r e s u l t s  a r e  discussed i n  d e t a i l .  The reader  should bear  i n  
mind tha t  small changes i n  some of t h e  important s t a b i l i t y  de r iva t ives  
can have a s i g n i f i c a n t  e f f e c t  on dynamic s t a b i l i t y  and t h a t  such changes 
might r e s u l t  unpredictably from apparent ly  minor changes i n  design. 
These ca lcu la t ions  are intended t o  show t h e  genera l  t r ends  i n  t h e  e f f e c t s  
of t h e  various design f a c t o r s  covered and are not intended f o r  use i n  
p red ic t ing  t h e  s t a b i l i t y  of s p e c i f i c  a i rp l ane  designs which a r e  super- 
f i c i a l l y  similar t o  these  conf igura t ions .  

One reason t h a t  t h e  s t a b i l i t y  of t hese  hypothe t ica l  configurat ions 
might be very d i f f e r e n t  from t h e  s t a b i l i t y  of a c t u a l  a i rp l anes  i s  t h a t  
t h e  t h e o r e t i c a l  values  of t h e  wing cont r ibu t ions  t o  t h e  s t a b i l i t y  der iva-  
t i v e s  were assumed t o  be accurate  f o r  t h e  e n t i r e  range of l i f t  c o e f f i -  
c i e n t s  covered by t h e  ca l cu la t ions  ( C L  = 0.06 t o  0.80). Actually,  t h i s  
assumption may be f a r  from co r rec t  a t  t h e  higher  l i f t  c o e f f i c i e n t s  f o r  
a i rp lanes  o f  p r a c t i c a l  cons t ruc t ion ,  p a r t i c u l a r l y  f o r  those  having t h i n ,  
h igh ly  swept wings. There i s  evidence from experimental  da t a  on such 
designs t h a t  t h e  values of t h e  de r iva t ives  C i B ,  Cn , and C may 

diverge from t h e  t h e o r e t i c a l  v a r i a t i o n  with l i f t  c o e f f i c i e n t  at moderate 
lift coe f f i c i en t s  ( C L  near 0 .4 )  and be g r e a t l y  d i f f e r e n t  - perhaps 
even have a d i f f e r e n t  s ign  - a t  a l i f t  c o e f f i c i e n t  of 0.8. 

P ‘r 

RESULTS AND DISCUSSION 

Causes of  Inadequate Dutch Roll S t a b i l i t y  

The causes of t h e  poor dynamic la te ra l  s t a b i l i t y  of modern high- 
performance f i g h t e r  a i rp lanes  must be e s t ab l i shed  before  a reasonable 
approach can be made t o  t h e  problem of designing such a i rp l anes  t o  
have s a t i s f a c t o r y  inherent  s t a b i l i t y .  
ana lys i s  therefore  t r e a t s  t h e  s t a b i l i t y  of t h e  s e r i e s  of  bas i c  

The f i r s t  p a r t  of t h e  present  
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configurat ions which are representa t ive  of present-day a i rp l ane  designs 
wi th  emphasis on the  determination of t h e  reasons t h a t  t h e  dynamic 
l a t e r a l  s t a b i l i t y  of t hese  a i rp l anes  i s  genera l ly  worse than  t h a t  o f  
World War I1 f i g h t e r  a i rp l anes  which had lower r e l a t i v e  dens i ty ,  l e s s  
sweep, and higher aspect  r a t i o .  The r e s u l t s  of t h e  ca l cu la t ions  made 
f o r  t h i s  p a r t  of t h e  ana lys i s  are presented i n  t a b l e s  I1 and I11 and 
f igures  7 t o  9.  

Effect  of sweepback and aspect r a t i o . -  The d a t a  of figure 7 show 
t h a t  a t  t h e  low l i f t  c o e f f i c i e n t  ( C L  = 0.06) t h e  period and damping 
were about t h e  same f o r  a l l  t h e  configurat ions.  A t  t h e  h igher  lift 
c o e f f i c i e n t s ,  however, t h e  damping became worse and t h e  per iod  became 
s h o r t e r  as t h e  sweepback w a s  increased and t h e  aspect  r a t i o  reduced 
simultaneously i n  t h e  manner representa t ive  of present-day design 
p r a c t i c e  (conf igura t ions  1 t o  4 ) .  
r a t ions  1, 3, and 5 shows t h a t  both of t hese  f a c t o r s  were respons ib le  
f o r  t h i s  reduct ion i n  s t a b i l i t y .  
when t h e  aspect r a t i o  alone w a s  reduced (conf igura t ions  1 and 5 )  and 
t h e r e  w a s  a g r e a t e r  reduct ion when sweepback alone w a s  increased  
( configurat ions 3 and 5 ) .  

Comparison of  t h e  d a t a  f o r  configu- 

There w a s  some reduct ion i n  s t a b i l i t y  

Examination of f igu res  3 t o  6 gives some ind ica t ion  of t h e  causes 
of t h e  de t r imenta l  e f f e c t s  of increas ing  sweepback and reducing aspec t  
r a t i o  on dynamic s t a b i l i t y .  These f igures  show t h a t ,  of t h e  mass 
parameters and s t a b i l i t y  de r iva t ives  which genera l ly  have an important 
e f f e c t  on dynamic s t a b i l i t y ,  t h e  values of p, Kx, Kz, C z p ,  CZP’ 

and Cn 

f i gu ra t ions  1 t o  4, whereas t h e  values of 

t h e  favorable  d i r ec t ion .  
are caused, but  t o  a l e s s e r  degree, by a reduct ion i n  aspec t  r a t i o  
(conf igura t ions  1 and 5 ) .  
and 

Cnr 
which t h e  nondimensional form of these  f a c t o r s  i s  based; t h e  changes i n  

are caused by t h e  change i n  aspect r a t i o ;  t h e  changes i n  Cn are 

caused by t h e  changes i n  sweep and i n  t h e  span on which t h e  c o e f f i c i e n t  
i s  based; and t h e  changes i n  

aspec t  r a t i o ,  and t h e  span on which t h e  coe f f i c i en t  i s  based. 

a r e  changed i n  t h e  adverse d i r e c t i o n  by sweepback f o r  con- 
P 

Cnp and Cnr a r e  changed i n  

These f igures  a l s o  show t h a t  t h e  same e f f e c t s  

Cn13 
The changes i n  t h e  mass parameters and 

are almost e n t i r e l y  caused by t h e  reduct ion i n  t h e  span on  

czP P 

are caused by t h e  change i n  sweep, c z P  

E f fec t  o f  mass parameters and individual  s t a b i l i t y  de r iva t ives  .- 
Figure 8 .and t a b l e  I11 present  t h e  r e s u l t s  of ca l cu la t ions  made t o  
determine whether t h e  mass parameters o r  any of t h e  s t a b i l i t y  de r iva t ives  
discussed i n  t h e  preceding paragraph were predominantly respons ib le  f o r  
t h e  decrease i n  s t a b i l i t y  as sweepback w a s  increased and aspect  r a t i o  
reduced. These ca lcu la t ions  were made f o r  only t h e  h igh-aspec t - ra t io ,  
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unswept and t h e  45' swept-wing configurat ions (conf igura t ions  1 and 3 ) .  
Although only  one f l i g h t  condi t ion w a s  considered ( C L  = 0.46; h = 0 f e e t ) ,  
t h e  r e s u l t s  obtained are be l ieved  t o  be ind ica t ive ,  at least a t  moderate 
and high l i f t  c o e f f i c i e n t s ,  of t h e  e f f e c t  of independently changing t h e  
mass parameters o r  t h e  ind iv idua l  s t a b i l i t y  de r iva t ives  f o r  one of t hese  
configurat ions t o  t h e  values f o r  t h e  o the r  configurat ion.  The r e s u l t s  
of these  ca l cu la t ions  show t h a t ,  when e i t h e r  t h e  mass parameters o r  one 
of t h e  s t a b i l i t y  de r iva t ives  C z p ,  C z p ,  o r  C f o r  configurat ion 3 
was changed t o  t h e  value f o r  configurat ion 1, t h e  s t a b i l i t y  of configu- 
r a t i o n  3 became almost as good as t h a t  of  configurat ion 1. When t h e  
value o f  one of  t hese  f a c t o r s  f o r  configurat ion 1 w a s  changed t o  t h e  
value f o r  configurat ion 3, t h e  s t a b i l i t y  d id  not gene ra l ly  become much 
worse. It i s  c l e a r l y  evident  from these  r e s u l t s  t h a t  it i s  very d i f f i c u l t  
t o  genera l ize  on t h e  e f f e c t s  of  t hese  s t a b i l i t y  parameters. No one f a c t o r  
is  t h e  cause of  t h e  reduct ion i n  s t a b i l i t y  as t h e  sweep is increased and 
aspect  r a t i o  reduced. Changes i n  any one of s e v e r a l  de r iva t ives ,  however, 
r e su l t ed  i n  s u b s t a n t i a l  improvements i n  t h e  s t a b i l i t y  of t h e  swept-wing 
conf igu ra t  ion. 

"P 

Some of t h e  da ta  i n  f igu re  8 can be used t o  i l l u s t r a t e  why t h e  
el iminat ion o f  t h e  p rope l l e r  makes t h e  s t a b i l i t y  of j e t  a i rp l anes  worse 
than  t h a t  of propel ler-dr iven a i rp l anes .  
t h a t  the  p rope l l e r  provides a s u b s t a n t i a l  increase  i n  damping i n  yaw 
-Cnr 

. 

Experimental d a t a  have shown 

and, i n  many cases ,  a reduct ion i n  s t a t i c  d i r e c t i o n a l  s t a b i l i t y  

The r e s u l t s  of f i g u r e  8 show t h a t  f o r  t h e  unswept conf igura t ion  

both  of these  changes provide an improvement i n  t h e  period-damping 
r e l a t ionsh ip  ( t h a t  i s ,  a reduct ion i n  t i m e  t o  damp and an increase  i n  
pe r iod ) .  

cnB 

Effect  o f  r e l a t ive -dens i ty  f a c t o r . -  The r e l a t ive -dens i ty  f a c t o r  of 
modern high-performance f i g h t e r  a i rp l anes  i s  gene ra l ly  g r e a t e r  than  
t h a t  of o lder  types because of increases  i n  wing loading and ope ra t iona l  
a l t i t u d e  and because of t h e  use of low-aspect-rat io  wings. 
o f  increasing t h e  r e l a t ive -dens i ty  f a c t o r  on s t a b i l i t y  can be seen i n  
f i g u r e  7 by a comparison of t h e  sea - l eve l  and a l t i t u d e  condi t ions.  
These r e s u l t s  show t h a t  an increase i n  a l t i t u d e  had a de t r imenta l  e f f e c t  
on t h e  s t a b i l i t y  of a l l  configurat ions when compared a t  a constant  Mach 
number (M = 0 .75) .  An increase i n  a l t i t u d e  a t  a constant  l i f t  coe f f i c i en t  
a l s o  had a det r imenta l  e f f e c t  f o r  a l l  conf igura t ions  except configura-  
t i o n  4 where t h e  a i rp lane  w a s  uns tab le  a t  sea l e v e l .  
increas ing  CI 
expected s ince  an a i rp l ane  i s  n e u t r a l l y  s t a b l e  when t h e  r e l a t i v e - d e n s i t y  
f a c t o r  i s  i n f i n i t e .  This r e s u l t  i s  i l l u s t r a t e d  i n  f i g u r e  9. 
which was taken from t h e  da t a  of t a b l e  I1 shows t h a t  n e u t r a l  s t a b i l i t y  
i s  approached as p is  increased.  The d a t a  are presented i n  terms of 

The e f f e c t  

This  e f f e c t  of 
f o r  a configurat ion which i s  uns t ab le  would gene ra l ly  be 

Figure 9 ( a )  
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and - s ince  - i s  a d i r e c t  measure of damping 
1 

T1/2 iii T1/2 
f o r  a one-degree-of-freedom o s c i l l a t i o n  t h e  value of  - 1 

Tl/2 

and s ince  

would va ry  

d i r e c t l y  wi th  t h e  value of A. The three-degree-of-freedom d a t a  of v i i  
f i g u r e  9(a)  appear as s t r a i g h t  l i nes  s ince  only two po in t s  ( t h e  end 
po in t s  of t hese  l i n e s )  w e r e  ava i lab le  from t h e  ca l cu la t ions .  
po in t s  were taken from t h e  0- and 50,000-foot-al t i tude condi t ions a t  a 

These end 

l i f t  coe f f i c i en t  0.46. The f a c t  t h a t  - does 

d i r e c t l y  wi th  - f o r  a three-degree-of-freedom 

i l l u s t r a t e d  i n  f igu re  g ( b )  where the  v a r i a t i o n  is  

T1/2 
1 

VT 

not necessa r i ly  vary  

motion, however, is  

shown f o r  an extended 
range of p f o r  configurat ions 1 and 4 and f o r  another  configurat ion 
ind ica ted  as a i rp l ane  A.  The r e s u l t s  f o r  a i r p l a n e  A w e r e  included t o  

show t h a t  t h i s  nonl inear  v a r i a t i o n  of - with - , which shows up 

f o r  configurat ion 4 only  when values of p below t h e  normal range are 
considered, can occur i n  t h e  range of normal values o f  p f o r  some 
a i rp l anes .  

T1/2 fl 

Means of Improving Dutch Rol l  S t a b i l i t y  

On t h e  b a s i s  of t h e  preceding r e s u l t s  regarding t h e  causes of  
inadequate Dutch r o l l  s t a b i l i t y ,  an ana lys i s  has been ca r r i ed  out t o  
determine means of  improving t h i s  s t a b i l i t y .  

Factors  t h a t  can be changed.- If it is assumed t h a t  t h e  wing 
loading i s  determined from performance considerat ions,  t h e r e  are t h r e e  
mass f a c t o r s  t h a t  can be changed t o  improve dynamic lateral  s t a b i l i t y  - 
t h e  i n c l i n a t i o n  of  t h e  p r i n c i p a l  axis of  i n e r t i a ,  t h e  rad ius  of gyra t ion  
i n  r o l l ,  and t h e  radius  of gyration i n  yaw. An increase  i n  t h e  nose- 
upward i n c l i n a t i o n  of t h e  p r inc ipa l  axis of i n e r t i a  increases  t h e  
b e n e f i c i a l  e f f e c t  of t h e  product of i n e r t i a  as described i n  re ferences  4 
and 5 .  
p a r t i c u l a r l y  when t h e  p r i n c i p a l  ax is  i s  inc l ined  nose upward. 
t h e  r ad ius  of gyrat ion i n  yaw might o r  might not have a b e n e f i c i a l  
e f f e c t  on t h e  s t a b i l i t y  depending upon many r e l a t e d  f a c t o r s ,  t h e  
i n c l i n a t i o n  of t h e  p r i n c i p a l  ax is  of  i n e r t i a  i n  p a r t i c u l a r .  
p r i n c i p a l  a x i s  i s  inc l ined  nose up r e l a t i v e  t o  t h e  s t a b i l i t y  axis, 
inc reas ing  t h e  radius  of  gyration i n  yaw might be b e n e f i c i a l  s ince  t h e  
favorable  product -of - iner t ia  e f f ec t  would tend t o  o f f s e t  t h e  normally 
adverse e f f e c t  of increas ing  t h e  radius  of  gyrat ion.  

A reduct ion i n  t h e  radius  of  gyrat ion i n  r o l l  i s  bene f i c i a l ,  
Changing 

If t h e  
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Five of t h e  aerodynamic s t a b i l i t y  der iva t ives  genera l ly  have an 
important e f f e c t  on dynamic l a t e r a l  s t a b i l i t y :  C z p ,  Cnpj C zP '  C np' 

can e a s i l y  be changed independently of c z P  and Cnr. The de r iva t ive  

t h e  o thers  by varying t h e  geometric d ihedra l .  The de r iva t ives  

and Cnp, however, cannot be changed appreciably by geometric changes 

o the r  than major changes i n  t h e  wing plan form. 
and C can be changed simultaneously by varying t h e  s i z e  of  CnP "r 

t h e  v e r t i c a l  t a i l  but t hey  cannot conveniently be var ied  an appreciable  
amount independently of each o ther .  The changes i n  s t a b i l i t y  t h a t  
r e s u l t  from varying these  de r iva t ives  simultaneously by changing t h e  
t a i l  s i z e  tend t o  o f f s e t  each o ther .  An increase  i n  t a i l  s i z e  increases  
-Cnr 

c z P  

The two de r iva t ives  

and thereby increases  t h e  damping but  t h e  accompanying increase  

reduces t h e  period. On a p l o t  such as figure 7, t h i s  simul- 
in CnB 
taneous reduction i n  t i m e  t o  damp and period tends t o  s h i f t  a poin t  
p a r a l l e l  t o  t h e  period-damping boundary given by t h e  f l y i n g - q u a l i t i e s  
requirements f o r  per iods greater than 2 seconds. The e f f e c t  of changing 
t h e  s i z e  of t h e  v e r t i c a l  t a i l  should be s tudied  f o r  any p a r t i c u l a r  
design, however, s ince  it o f f e r s  p o s s i b i l i t i e s  f o r  improving s t a b i l i t y  
i n  some cases.  

Modifications considered.- I n  t h e  s tudy of means of improving t h e  
Dutch r o l l  s t a b i l i t y  of modern high-speed f i g h t e r  a i rp l anes ,  configu- 
r a t i o n s  3 and 5 w e r e  chosen as bas i c  conf igura t ions  from which t o  work 
s ince  they  were considered r ep resen ta t ive  of proposed high-speed designs.  
Five modifications t o  each of t hese  bas i c  a i rp l anes  were considered: 

(1) KX reduced t o  0.65 times t h e  b a s i c  value 

( 2 )  Kz0  increased t o  1.41 times t h e  bas i c  value 

(3 )  KZ increased and Kx reduced simultaneously t o  1.25 and 

0 

0 0 

0.65 t imes t h e  bas i c  values ,  r e spec t ive ly  

(4) iw changed from 0' t o  -5' 

( 5 )  adjusted t o  give zero a t  a l i f t  c o e f f i c i e n t  of 0.06 
c z P  

These changes were considered s e p a r a t e l y  and i n  var ious combinations. 
The modifications should not be considered as p r a c t i c a b l e  changes t h a t  
can be made t o  improve t h e  s t a b i l i t y  of an e x i s t i n g  a i rp l ane .  
intended only t o  show what f a c t o r s  should be considered i n  t h e  e a r l y  
design stages and t o  i l l u s t r a t e  t h e  improvements i n  inherent  s t a b i l i t y  

They are 
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t h a t  can be obtained by designing f o r  s t a b i l i t y .  The r e s u l t s  o f  t h e  
ca l cu la t ions  made f o r  t h i s  p a r t  o f  the ana lys i s  are presented i n  
t a b l e  I V  and f igu res  10 and 11. 

E f f e c t  of r a d i i  of gyrat ion.-  The designer is  concerned with t h e  
r a d i i  o f  gyrat ion about axes which are f ixed i n  t h e  a i r p l a n e  and approxi- 
mately coincide with t h e  body and wing .xes. 
modified configurat ions were e s t ab l i shed  by changing t h e  r ad ius  -of - 
gyrat ion f a c t o r s  about t h e  p r i n c i p a l  axes o f  i n e r t i a  

The r a d i i  o f  gyration used i n  equations o f  motion i n  s t a b i l i t y  work, 
however, are u s u a l l y  r e fe r r ed  t o  the  s t a b i l i t y  axes. The e f f e c t s  o f  
t h e  changes i n  Kx0 and KZo are  the re fo re  analyzed i n  terms of t h e  
e f f e c t s  o f  KX, KZ, and KXZ. 

For t h i s  reason t h e  

KXo and KZo. 

and Kz, assumed f o r  t h e  
KXO 

The magnitudes of' t h e  changes in  

modified configurat ions were determined from t h e  following considerat ions.  
I n  o rde r  t o  o b t a i n  t h e  m a x i m u m  b e n e f i c i a l  e f f e c t  from t h e  i n e r t i a  changes, 
t h e  value o f  KX w a s  made as s m a l l  as p rac t i cab le .  A s tudy  o f  moments 

o f  i n e r t i a  of' a number of current  and proposed designs indicated t h a t  a 
value o f  KX 

probably t h e  minimum value t h a t  could be obtained on a p r a c t i c a l  a i r -  
plane.  The determination o f  t h e  value o f  KZ f o r  t h e  modified con- 

f i g u r a t i o n  w a s  not so s t ra ightforward because t h e  d i r e c t i o n  i n  which 

Kz0 should be changed t o  give a b e n e f i c i a l  e f f e c t  i s  not always t h e  

same. Since increasing Kz0 i s  general ly  b e n e f i c i a l  from an o v e r a l l  

s tandpoint ,  however, only increases w e r e  considered i n  t h i s  a n a l y s i s .  
Since there i s  no d e f i n i t e  maximum value t o  which 

two r e l a t i v e l y  l a r g e  values (1.25 and 1.41 times t h e  b a s i c  value)  were 

l i n e  wi th  t h e  general  t r end  toward increased 

t h e  use o f  very long fuselages i n  t h e  la tes t  designs.  

0 

of 0.0100 (0 .65 times t h e  bas i c  value of 0.0154) was 
0 

0 

Kz0 can be increased, 

. chosen t o  i l l u s t r a t e  t h e  e f f e c t  of varying Kz,. These values  are i n  

which resul ts  from 
KZO 

improved 
KXO 

A reduct ion i n  t h e  radius-of-gyration f a c t o r  i n  r o l l  

t h e  s t a b i l i t y  i n  almost every case f o r  both configurat ions 3 and 5 as 
shown i n  f i g u r e s  10 and 11. The only exceptions were t h e  two cases i n  
which KX 

of 0.06. 
r e l a t i v e  t o  t h e  s t a b i l i t y  axes s o  t h a t  t h e  e f f e c t  o f  t h e  product of 
i n e r t i a  was unfavorable, and evident ly  t h e  adverse e f f e c t  o f  i nc reas ing  
t h e  product-of- iner t ia  f a c t o r  was g r e a t e r  than t h e  favorable  e f f e c t  o f  
reducing Kx. 

w a s  reduced f o r  t h e  basic configurat ions a t  a l i f t  c o e f f i c i e n t  
0 

I n  t h e s e  cases t h e  p r i n c i p a l  axis w a s  i nc l ined  nose down 
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There was  no cons is ten t  e f f e c t  o f  increasing t h e  radius-of-gyrat ion 
alone e i t h e r  f o r  configurat ion 3. o r  configurat ion 5.  KZO 

f a c t o r  i n  yaw 

A s  shown i n  f igures  10 and 11 t h e r e  w a s  genera l ly  an adverse e f f e c t  of 
increasing Kz0  

a t  t h e  high l i f t  coe f f i c i en t s .  This r e s u l t  can be explained by t h e  
following reasoning: A t  low angles of a t t ack  t h e  increase  i n  t h e  
product -of - iner t ia  f a c t o r  Kxz which r e su l t ed  from an increase  i n  

caused e i t h e r  a s m a l l  favorable  o r  unfavorable e f f e c t  depending on t h e  
inc l ina t ion  of t h e  p r i n c i p a l  axis, but i n  n e i t h e r  case  did t h i s  e f f e c t  
o f f s e t  the  adverse e f f e c t  o f  increas ing  t h e  value of A t  h igh 

angles of a t t a c k  the  e f f e c t  o f  t h e  product -of - iner t ia  f a c t o r  w a s  a l w a y s  
favorable and w a s  genera l ly  g r e a t e r  than t h e  adverse e f f e c t  of t he  
g r e a t e r  value o f  KZ. 

f o r  t h e  low l i f t  c o e f f i c i e n t s  and a favorable  e f f e c t  

KZO 

KZ. 

When Kxo w a s  reduced and KZ w a s  increased simultaneously,  t h e  
0 

s t a b i l i t y  a t  t h e  moderate and high angles of a t t a c k  w a s  even b e t t e r  than  
it w a s  when 

however, the s t a b i l i t y  was  worse than it w a s  f o r  t h e  bas i c  conf igura t ion  
o r  t h e  configurat ion with reduced 

figures 10 and 11 f o r  both configurat ions 3 and 5 .  This simultaneous 
change i n  both t h e  r a d i i  of gyrat ion seems somewhat b e t t e r  than a 
reduct ion i n  K:co alone s ince  it i s  more e f f e c t i v e  f o r  t h e  h igh -a l t i t ude  

condi t ion and s ince  t h e  adverse e f f e c t  on t h e  s t a b i l i t y  a t  t h e  low angle  
of a t t a c k  can be counteracted by o the r  means as i s  shown subsequently. 

w a s  reduced by i t se l f .  A t  t h e  low angle  of a t t a c k ,  
KXO 

. This r e s u l t  i s  i l l u s t r a t e d  i n  
KXO 

Effect of i n c l i n a t i o n  of p r i n c i p a l  axis.-  There a r e  a number of ways 
t h a t  t h e  inc l ina t ion  of t h e  p r i n c i p a l  a x i s  re la t ive  t o  t h e  s t a b i l i t y  axis 
can be  changed by changing t h e  design o f  an a i rp l ane .  
i n  wing incidence w a s  t h e  method considered i n  t h e  present  ana lys i s .  
The ske tch  o f  figure 12 i l l u s t r a t e s  another  way i n  which it can be done. 
This f i g u r e  shows t h e  p r o f i l e  o f  a configurat ion i n  which t h e  weight i n  
t h e  rear o f t h e  a i rp l ane  is  kept  as low as p rac t i cab le .  The engine i s  
located low i n  t h e  r e a r  of t h e  a i rp l ane  behind an underslung i n l e t  and 
t h e  hor izonta l  t a i l  i s  mounted low a t  t h e  rear of t h e  fuselage.  The 
forward pa r t  of t h e  fuselage i s  located as high as poss ib l e  without 
i nc reas ing  the  f r o n t a l  area of  t h e  f'uselage. The midsection of t h e  
fuselage has a narrow oval  c ross  sec t ion  about t h e  same width a S  t h e  
engine so tha t  t h i s  d i s t r i b u t i o n  of t h e  weight i n  t h e  fuse lage  can be 
accomplished without increasing t h e  f r o n t a l  area of t h e  fuselage.  The 
p r o f i l e  of configuration 3, which i s  r ep resen ta t ive  o f  a cur ren t  t r end  
i n  design, i s  shown i n  f igu re  12 f o r  comparison. 
would have a pr inc ipa l -ax is  i n c l i n a t i o n  of 2 O  o r  3' nose up r e l a t i v e  
t o  t h e  wing chord ins tead  of  2 O  o r  3 O  nose down as would be t h e  case  f o r  

A simple change 

The modified design 
E 
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I -  

- 

. 

an a i rp l ane  of  t h e  type represented by  configurat ion 3 .  
give a change i n  t h e  i n c l i n a t i o n  of t h e  p r i n c i p a l  axis  of i n e r t i a  o f  
about 5' which is t h e  same as would be obtained wi th  t h e  simple 5O 
change i n  wing incidence assumed i n  t h e  ca l cu la t ions  f o r  t h e  modified 
configurat ions.  The method of changing t h e  i n c l i n a t i o n  i n  t h i s  ana lys i s  
i s  not important except t h a t  it indica tes  how t h e  t a i l  cont r ibu t ions  t o  
t h e  s t a b i l i t y  de r iva t ives  were changed. 

This would 

The r e s u l t s  presented i n  f igu res  10 and 11 show t h a t  t h e  use o f  5' 
negat ive wing incidence t o  increase the  nose-up i n c l i n a t i o n  of t h e  
p r i n c i p a l  axis had e i t h e r  a favorable  e f f e c t  o r  no s i g n i f i c a n t  e f f e c t  
on t h e  lateral  s t a b i l i t y  f o r  a l l  t h e  radius-of-gyrat ion and d i h e d r a l  
conditions covered i n  t h e  calci i la t ions.  The favorable  e f f e c t  o f  
negat ive wing incidence w a s  p a r t i c u l a r l y  s i g n i f i c a n t  at t h e  low- l i f t -  
coe f f i c i en t  condition ( C L  = 0.06) where it made a l l  t h e  condi t ions 
s a t i s f a c t o r y  which were otherwise marginal o r  unsa t i s f ac to ry .  

E f fec t  o f  d ihedra l .  - The amount of negat ive geometric d ihed ra l  
covered i n  t h e  ca lcu la t ions  w a s  l imited t o  t h e  amount requi red  t o  g ive  
zero e f f e c t i v e  d ihedra l  C2 = 0 a t  t h e  low- l i f t - coe f f i c i en t  condi t ion 

s ince  t h e  use  of  g rea t e r  negative geometric d ihed ra l  would probably make 
t h e  a i r p l a n e  uncomfortable t o  f l y  a t  t h e  low angles o f  a t t a c k  where t h e  
e f f ec t ive  d ihedra l  would be negative.  

( P  1 

The e f f e c t  o f  negat ive geometric d ihed ra l  i s  shown by f i g u r e s  10 
and 11 t o  vary  from a s l i g h t  favorable e f f e c t  t o  no s i g n i f i c a n t  e f f e c t  
a t  t h e  moderate and high l i f t  coe f f i c i en t s .  In many of t hese  cases  t h e  
use of negat ive d ihedra l  caused t h e  time t o  damp t o  increase  but ,  because 
of t h e  accompanying increase  i n  period, t h e  s t a b i l i t y  d i d  not appear t o  
become less s a t i s f a c t o r y  with respect  t o  t h e  f l y i n g - q u a l i t i e s  damping 
requirement ind ica ted  by t h e  boundaries i n  f igu res  10 and 11. A t  t h e  
low l i f t  coe f f i c i en t s  t h e  use of  negative geometric d ihed ra l  had a 
favorable  e f f e c t  when t h e  wing incidence w a s  Oo and an adverse e f f e c t  
when t h e  wing incidence w a s  -5'. The condi t ions under which varying 
t h e  d i h e d r a l  can be expected t o  have a favorable  e f f e c t  on s t a b i l i t y  
can be determined from t h e  expression 

2 - KXZ 
2 

KX 
cn P - 2CLKZ - c2P 

Negative values of t h i s  quant i ty  ind ica te  t h a t  t h e  use of negat ive 
geometric d ihed ra l  w i l l  reduce t h e  t i m e  t o  damp f o r  t h e  o s c i l l a t i o n .  
This t es t  w i l l  not work i n  every case, however, s ince  i t s  de r iva t ion  
involved a number of s impl i f ica t ions  and genera l iza t ions .  &amination 
of t h e  expression shows t h a t  t he  sum of t h e  f irst  two terms w i l l  almost 
always be negat ive s ince  is usua l ly  negat ive and -2CLKz2 i s  

c"p 
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i s  always negat ive f o r  p r a c t i c a l  f l i g h t  c lP 
always negat ive.  Since 

condi t ions and Kx2 
w i l l  always be t h e  same as t h e  s ign  of Kxz. When Kxz is  p o s i t i v e  
and of r e l a t i v e l y  la rge  magnitude ( t h a t  i s ,  when t h e  p r i n c i p a l  ax i s  of 
i n e r t i a  is  inc l ined  nose up r e l a t i v e  t o  t h e  f l i g h t  pa th)  and t h e  value 
of KX 
w i l l  u sua l ly  mean t h a t  t h e  e f f e c t  of us ing  negat ive d ihedra l  w i l l  be  
unfavorable. 
Kxz, and s m a l l  value of 
o s c i l l a t o r y  s t a b i l i t y ,  t h e  use of  negat ive d ihedra l  may be unfavorable 
f o r  a design i n  which t h e  mass c h a r a c t e r i s t i c s  have been @de as 
favorable  as poss ib le .  The e f f e c t  of  d ihed ra l  angle,  however, should 
be s tudied f o r  each p a r t i c u l a r  a i rp l ane  configurat ion.  

i s  always pos i t i ve ,  t h e  s ign  of t h e  t h i r d  term 

i s  low, t h e  t h i r d  term w i l l  have a l a rge  p o s i t i v e  value which 

Since these  mass c h a r a c t e r i s t i c s  ( l a r g e  p o s i t i v e  value of 
Kx) are des i r ab le  f r o m t h e  s tandpoint  of 

Ef fec t  of  modifications on roll-to-yaw r a t i o  and cont ro l . -  It has 
been f a i r l y  w e l l  es tab l i shed  t h a t  a p i l o t ' s  opinion of t h e  a c c e p t a b i l i t y  
of a l a t e r a l  o s c i l l a t i o n  is  influenced by t h e  r a t i o  of r o l l  t o  yaw which 
has been expressed i n  terms of  $/$, $/p,  and $/ve by var ious 
inves t iga to r s .  Although no d e f i n i t e  requirement has been gene ra l ly  
accepted, it seems evident  t h a t  increas ing  t h e  r a t i o  of r o l l  t o  yaw 
makes the  l a t e r a l  o s c i l l a t i o n  more object ionable .  Some of t h e  modifi- 
ca t ions  covered i n  t h e  present  s tudy which improved t h e  s t a b i l i t y  from 
t h e  standpoint of t h e  present  A i r  Force and Navy f ly ing -qua l i t i e s  
requirement would have an adverse e f f e c t  from t h e  s tandpoint  of r o l l -  
to-yaw r a t i o .  E i the r  reduct ions i n  t h e  r o l l i n g  rad ius  of gyra t ion  

o r  increases  i n  t h e  yawing radius  of  gyra t ion  

r a t i o  of  r o l l  t o  yaw. 
d ihed ra l  would reduce t h e  r a t i o  of  r o l l  t o  yaw. 
reasonable changes i n  t h e  r a d i i  of gyrat ion o r  d ihedra l  would have a 
l a rge  e f f e c t  on t h e  f l y i n g  q u a l i t i e s  because of t h e i r  e f f e c t  on t h e  
r a t i o  of r o l l  t o  yaw i s  a subjec t  f o r  f u r t h e r  s tudy.  

Kxo 
would increase  t h e  

KZO 
On t h e  o the r  hand, t h e  use  of negat ive geometric 

Whether o r  not 

Another f a c t o r  t o  be considered i s  t h e  e f f e c t  o f  t h e  modif icat ions 
on t h e  adverse yaw caused by a r o l l i n g  acce le ra t ion  and consequently on 
t h e  adverse r o l l i n g  moments caused by t h e  adverse yaw. An increase  i n  
t h e  nose-upward i n c l i n a t i o n  of  t h e  p r i n c i p a l  axes w i l l  cause an increase  
i n  t h e  adverse yaw i n  r o l l s .  

Application of  Resul ts  t o  Actual Airplanes 

The foregoing ana lys i s  has brought out a number of f a c t o r s  t h a t  
should be considered i n  designing an a i r p l a n e  so t h a t  it w i l l  have t h e  
b e s t  inherent s t a b i l i t y  t h a t  it i s  p r a c t i c a b l e  t o  obta in .  Some of 
t hese  fac tors  w i l l  probably c o n f l i c t  w i th  f a c t o r s  t h a t  appear d e s i r a b l e  
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from some o the r  s tandpoint .  It i s  up t o  t h e  designer  i n  any p a r t i c u l a r  
case,  then, t o  weigh a l l  t h e  f a c t s  and decide on t h e  r e l a t i v e  merits of 
t hese  design features f o r  h i s  p a r t i c u l a r  app l i ca t ion .  The a p p l i c a t i o n  
of t h e  r e s u l t s  of t h e  ana lys i s  t o  t h e  problem of designing a i rp l anes  so 
t h a t  they  w i l l  have s a t i s f a c t o r y  inherent dynamic l a t e r a l  s t a b i l i t y  i s  
discussed i n  t h e  following paragraphs. 

Wing p lan  form.- One of t h e  p r i n c i p a l  f a c t s  brought out  by t h i s  
ana lys i s  i s  t h a t  t h e  use  of low-aspect-ratio and sweptback wings has a 
very de t r imenta l  e f f e c t  on dynamic l a t e r a l  s t a b i l i t y .  Within t h e  l i m i t s  
permitted by high-speed performance requirements, t h e  use of unswept 
wings of  higher  aspect  r a t i o  (about 6) is  very  des i r ab le .  The next most 
des i r ab le  wings appear t o  be an unswept wing of low aspect  r a t i o  similar 
t o  t h a t  of  configurat ion 5 o r  a wing of moderate sweep similar t o  that 
of configurat ion 2. 

Fhdi i  of gyrat ion.-  It a l s o  appears h ighly  des i r ab le  t o  keep t h e  
radius-of-gyrat ion f a c t o r  i n  roll Kxo as low as poss ib le .  This 
f ea tu re  appears p a r t i c u l a r l y  important i f  a h igh ly  swept wing i s  used. 
For example, it appeared t o  be impossible t o  make conf igura t ion  3 
s a t i s f a c t o r y  unless  Kx0 were reduced. The use of  a longer fuse lage  

t o  accommodate i t e m s  normally loca ted  i n  t h e  wings might be s l i g h t l y  
b e n e f i c i a l  i f  t h e  p r i n c i p a l  ax i s  of i n e r t i a  i s  inc l ined  nose up r e l a t i v e  
t o  t h e  f l i g h t  path.  

I n c l i n a t i o n  of p r i n c i p a l  axis of i n e r t i a . -  The i n c l i n a t i o n  of t h e  
p r i n c i p a l  axis of i n e r t i a  i s  a l s o  a very important f a c t o r ,  p a r t i c u l a r l y  
f o r  ob ta in ing  s a t i s f a c t o r y  s t a b i l i t y  a t  low angles  of a t t a c k .  For t h i s  
reason t h e  use  of high hor izonta l  t a i l s  and v e r t i c a l  t a i l s  loca ted  on a 
boom over t h e  jet ex i t  are d e f i n i t e l y  undes i rab le  from t h e  s tandpoint  of 
dynamic s t a b i l i t y .  Every e f f o r t  should be made t o  design t h e  a i r p l a n e  
t o  take advantage of  t h e  l a rge  favorable e f f e c t  of  a more nose-up 
i n c l i n a t i o n  of  t h e  p r i n c i p a l  axis by designing t h e  a i rp l ane  so t h a t  t h e  
weight forward i s  located high and the weight rearward is  located low 
r e l a t i v e  t o  t h e  wing chord plane. 

Dihedral and t a i l  area.- The use o f  a reasonable amount of negat ive 
geometric d ihed ra l  would probably not have a l a rge  e f f e c t  on t h e  dynamic 
lateral  s t a b i l i t y  but  t h i s  modification should be considered s ince  it 
may improve t h e  s t a b i l i t y  i n  some cases and may a l s o  be h e l p f u l  by 
reducing t h e  adverse r o l l i n g  moments which r e s u l t  from adverse yaw i n  an 
a i l e r o n  r o l l .  
a i r p l a n e  design. S imi la r ly  t h e  e f f e c t  of v e r t i c a l - t a i l  area is  not  
immediately obvious and should be inves t iga ted  f o r  each p a r t i c u l a r  design 
i n  an e f f o r t  t o  determine t h e  optimum s i z e  from considerat ions of bo th  
s t a b i l i t y  and cont ro l .  

The e f f e c t  of dihedral  should be inves t iga ted  f o r  each 
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CONCLUSIONS 

On t h e  b a s i s  o f  t h e  present  t h e o r e t i c a l  ana lys i s  t o  determine t h e  
design f ea tu res  t h a t  appear most promising i n  providing inherent  Dutch 
roll s t a b i l i t y ,  t h e  following conclusions were drawn f o r  t h e  case of 
f i g h t e r  a i rp l anes  a t  subsonic speeds: 

1. The s t a b i l i t y  of t h e  Dutch roll o s c i l l a t i o n  of modern high- 
speed f i g h t e r  a i rp l anes  i s  less s a t i s f a c t o r y  than t h a t  of o l d e r  types 
of f i g h t e r  a i rp l anes  such as those  used i n  World War I1 because of t h e  
use of low-aspect-ratio sweptback wings and because o f  t h e  higher  wing 
loadings and operat ing a l t i t u d e s .  The unfavorable e f f e c t  o f  t h e  use  
o f  low-aspect-ratio sweptback wings w a s  caused mainly by t h e  increase 
i n  t h e  r e l a t i v e  d e n s i t y  p, t h e  e f f e c t i v e  d i h e d r a l  

yawing moment due t o  r o l l i n g  

r o l l  

unswept wings of higher aspect  r a t i o .  

-cw and the 
-Cnp, and t h e  decrease i n  t h e  damping i n  

which r e s u l t e d  from t h e  change from t h e  o l d e r  type of - C z p  

2. It i s  poss ib l e  t o  design high-performance f i g h t e r  a i r p l a n e s  
t o  have s u b s t a n t i a l l y  be t te r  inherent  s t a b i l i t y  o f  t h e  Dutch roll 
o s c i l l a t i o n  than t h a t  of most cu r ren t  f i g h t e r  designs.  It i s  important 
t o  design t h e  a i rp l ane  w i t h  t h e  maximum aspect r a t i o  an2 minimum sweep 
t h a t  w i l l  permit attainment of t h e  des i r ed  performance. For a given 
configurat ion t h e  radius  of gyrat ion i n  r o l l  should be kept as low as 
poss ib l e  and t h e  nose-up i n c l i n a t i o n  of t h e  p r i n c i p a l  l ong i tud ina l  axis 
of i n e r t i a  should be made as g r e a t  as p r a c t i c a b l e .  
angle  and v e r t i c a l - t a i l  area should be s e l e c t e d  on t h e  b a s i s  of a s tudy  
o f  t h e  s t a b i l i t y  and c o n t r o l  of t h e  p a r t i c u l a r  a i r p l a n e  design. 

The optimum d i h e d r a l  

Langley Aeronautical  Laboratory, 
National Advisory Committee f o r  Aeronautics, 

Langley F ie ld ,  V a . ,  August 19, 1953. 
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TABLE I 

DIMENSIONAL AND MASS CHARACTERISTICS 

OF BASIC CONFIGURATIONS 

Conf igura t ion  

Wing : 

A, aeg . . . 
A . . . . .  
x . . . . .  
b, f t  . . . 
s, s q  f t  . . 

Vertical t a i l :  

A, aeg . . . 
A . . . . .  
x . . . . .  
s, sq f t  . . 
( 2 ),=oo, f t  

( Z)a=OO' f t  

Mass charac- 
t e r i s t i c s :  

W, lb . . . 
W/S, lb / sq  f t  

(Cl),=, - 
Kxo . . . . 
Kz, . . . . 
E ,  deg . . . 

1 

0 

6.0 

0.5 

50.0 

4 17 

0 

1.64 

45.5 

24.5 

7.2 

29,833 

50 

13 .o 

0.1400 

0.243 

-2 

2 

30 

4..5 

0.5 

43.4 

4 17 

30 

1.50 

0-5 

50.1 

24.5 

7.2 

20,833 

50 

15 .o 

0.1448 

0.272 

-2 

3 

45 

3 .o 

0.5 

35.4 

4 17 

45 

1.36 

0.5 

55 00 

24.5 

7.2 

20,833 

50 

18.4 

0.1540 

0.320 

-2 

4 

60 

1.5 

0.5 

25 .o 

4 17 

60 

1.17 

0'. 5 

64.1 

24.5 

7.2 

20,833 

50 

26.0 

0.1768 

0.435 

-2 

5 

0 

3 .o 

0 a 5  

35.4 

4 17 

0 

1.64 

0.5 

45.5 

24.5 

7.2 

20,833 

50 

18.4 

0.1540 

0.318 

-2 
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Reference Axis 

Az I 

f 
z 

Wind Direction 

muth Reference \ 

U , 1 Roll Reference 

Figure 1.- The stability system of axes. Arrows indicate positive direc- 
tions of moments, forces, and angles. This system of axes is defined 
as an orthogonal system having the origin at the center of gravity and 
in which the Z-axis is in the plane of symmetry and perpendicular to 
the relative wind, the X-axis is in the plane of symmetry and perpendi- 
cular to the Z-axis, and the Y-axis is perpendicular to the plane of 
symmetry. 
airplane. 

At a constant angle of attackj these axes are fixed in the 
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Conhgumiim 3 Configumfion 4 

Cmhgu- Sweep- Aspect 
rafion backpeg rafio 

I 0 60 
2 30 4.5 
3 45 3.0 

I. 5 4 
5 6o 0 3.0 

Contiguraiioon 5 

Figure 2.- Basic configurations for which calculations were made. 
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.3 
Kr, 

.2 

0 
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configutiir/on 

5 0 

/ t o 4  - 

20 30 40 50 60 to 
4 d e g  

Figure 3.- Variation of mass parameters w i t h  sweepback. 
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Configurofions / io 4 

0 

2 

% 
-.4 

-.6 

0 

-.I 

qfl 7 2  

-. 3 

-9 
2 4  

.I 6 

.08 

0 

-.08 
0 20 40 60 

(a) Vertical tail off. 

W e g  

Conhgurofion 5 CJ 

0 006 
0 .46 

.80 A 

0 20 40 60 

(b) Complete airplane. 

G e g  

Figure 4. - Variation of sideslip stability derivatives with sweepback 
and lift coefficient. 
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CmI5gurofims I io 4 Configuruiim 5 CL 

0 0 06 
.46 0 ----- 

0 

:2 

cnP 
-4 

-6 

.80 A 

0 20 40 60 0 20 40 60 
4deg 4 deg 

(a) Vertical toil off. (6) Complete airplane. 

Figure  5.- Varia t ion  of r o l l i n g  s t a b i l i t y  de r iva t ives  w i t h  sweepback 
and l i f t  coe f f i c i en t .  
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.6 

4 

.2 

0 

Configurafions / to 4 
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0.06 
.46 
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(a) Vertical toil off. (6) Complete airplane. 

Figure 6.- Variation of yawing stability derivatives with sweepback 
and lift coefficient, 
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h f t  0 0 0 50990 
M' 075 027020 d C, 006 046 080 046 Cmfigurafm A,deg A 

6 
45 
3 
l.5 
3 

Figure 7.- Stability of basic configurations. Hatched boundary is 
period-damping requirement of references 2 and 3. 
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Figure 8.- Effect of the differences in mass parameters and individual 
stability derivatives on stability of confiwations 1 and 3. 
CL = 0.46; h = 0 feet. 
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.3 
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I , s e c  -' . I 
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-. 2 

fa) Basic conftgurufiom. Data taken from fable= for alt/fudes of 0 and 
SQOOO feet 
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fl 

(b) Configurofions I and 4 for on extended ronge of p2 and on 
acfual airplane for olttfudes from seu level l o  infinity. 

37 

Figure 9.- Variation of damping with relative-density factor. CL = 0.46. 
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Figure 10.- Stability of modified configuration der ived  from configuration 3. 
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Figure 11.- Stability of modified configuration derived from configuration 5. 
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(0) Modfled design. 

(b) Configuration 3. 

Figure 12.- Illustration of profile of an airplane designed to have 
positive inclination of the principal longitudinal axis of inertia 
and comparison with profile of configuration 3 which is representa- 
tive of many designs. 

NACA-Langley - 10-20-53 - 1000 

~ 


